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14. ABSTRACT
Eosinophilic esophagitis (EE) is an emerging worldwide food aIIerC?ic disorder associated with polysensitization to
multiple food allergens, resulting in greatly restricted diets and chronic gastroesophageal reflux disease-like
symptoms in many individuals. EE has a sfrong genetic component based on the frequent presence of a familial
inheritance pattern, the high sibling risk ratio (~80-fold) and the demonstration that a single nucleotide polymorphism
(SNP) in the eotaxin-3 gene confers disease susceptibility. In order to dissect disease pathogenesis in humans, we
are now taking genetic approaches based on genome-wide expression profile anaIF\1/S|s of esophageal tissue, as well
as a genomic analysis based on a candidate gene approach. The central hypothesis of our grant is that EE has
strong genetic components that can be elucidated by a candidate gene approach focused on genes involved in
asthma, allergy, and celiac disease. Using this approach, our preliminary studies have led us to hypothesize that EE
susceptibility involves the IL-2/IL-21 genetic locus, a region known to be involved in immune-mediated diseases,
especially autmmmum%. We have been pursuing candidate gene validation (Aim 1) and biological assessment of]
one lead candidate, IL-21 (Aim 2). We have identified preliminary genetic susceptibility loci involved in EE, which has
led us to the identification of key potential pathogenic steps involving TSLP, IL21, and TGFb. Our results have broad
implications by (1) uncovering primary molecular events involved in EE pathogenesis and, notably, how they are
distinct from other forms of allergic disease such as classic food allergy (thus opening up future research directions);
(2) identifying the importance of genetic components to disease susceptibility; (3) providing a framework for improved
disease diagnosis (risk) and personalized predictive medicine based on genetic testing; and (4) Iorovidin therapeutic
strategies based on the identified molecular pathways that may be amenable to pharmacological manipulation and/or
eventual gene therapy.
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Introduction.

The central hypothesis of our grant is that eosinophilic esophagitis (EE) has strong genetic
components that can be elucidated by a candidate gene approach focused on genes involved in
asthma, allergy, and celiac disease. Using this approach, our preliminary studies have led us to
hypothesize that EE susceptibility involves the IL-2/IL-21 genetic locus, a region known to be
involved in immune-mediated diseases, especially autoimmunity. We have been pursuing
candidate gene validation (Aim 1) and biological assessment of one lead candidate, IL-21
(Aim 2).

Body.
Aim 1. Validate the Associations Between EE and Asthma/Allergy/Celiac Candidate Genes

e Our prior work on the TGFB1 and TGFBR SNPs was not validated in replication cohorts.
e We are validating the role of IL-2/IL-21 genes, as well as other genes involved in
regulating immune responses, such as the TGFB1 receptor Il, in susceptibility to EE.

Please see the Tables below for specific data:

Table 2. SNPsin the IL21 locus associate with EoE

CCHMC EE (n=226) vs. CHOP controls (n=316)
| SNP CHR BP Alleles Gene Location Left gene Right gene P-values OR|

rs12642902 4 123727951 A/G NA NA IL2 IL21 0.02 1.27
rs6835745 4 123730462 GI/T NA NA IL2 IL21 0.04 1.25
rs975405 4 123740630 C/T IL21 intron IL2 LOC729338 0.04 1.23

e We are examining candidate genes using a broad spectrum approach by employment of
a custom lllumina ImmunoChip, that contains ~200,000 SNPs that are focused on
regions that have previously achieved genome-wide significance following GWAS for a
series of autoimmune diseases. This analysis is fairly mature and a near complete data
set of the major identified locus, using a discovery and replication cohort of patients and
controls is provided in Table 2.



Table 2. Common variants associated with pediatric Eosinophilic Esophagitis.

Discovery Replication
MAF MAF
P P
. OR value OR value
Chr ncbi Fisher's
dbSNP Cases Controls &7 Cases Controls * -
BP Gene combined
Chr1 LOC100 4.80E-
rs4130548 78463868 288957 0.287 0.397 0.61 05 0.368 0.344 0.97 0.83
Chr1 8.60E-
rs12143327 112610895 0.143 0.077 1.95 05 0.089 0.089 1.02 0.92
Chr1 9.20E- 1.40E-
rs10926865 241032699 0.5 0.419 1.82 05 0.509 0.412 2.17 05 2.71E-08 1944
1kg_1_241 Chr1 9.80E- 3.20E-
047614 241047614 0.384 0.248 3.14 12 0.359 0.23 2.8 08 5.38E-18 1q44
Chr1 3.20E- 8.50E-
rs12404844 241049304 0.502 0.417 1.9 05 0.512 0.426 2.02 05 5.71E-08 1944
Chr2  MAP4K4 2.80E-
rs2214889 101929203 /ILIR2 0.441 0.332 1.6 05 0.368 0.357 0.95 0.67
Chr2 MAP4K4 3.90E-
rs1010329 101931502 /ILIR2 0.439 0.332 1.59 05 0.368 0.354 0.95 0.72
Chr2 MAP4K4 3.90E-
rs10181476 101932700 /ILIR2 0.439 0.332 1.59 05 0.367 0.345 1 0.98
Chr2  MAP4KA 1.00E-
rs4851513 101949567 /ILIR2 0.237 0.337 0.62 04 0.249 0.271 0.93 0.6
Chr3 1.40E-
rs9860962 51294429 DOCK3 0.055 0.12 0.43 07 0.044 0.0844 0.5 0.012 3.56E-08 3p21
chr3 6.10E-
NA 189580797 LPP 0.011 0.066 0.15 05 0.084 0.06 14 0.15
Chr 6 HLA- 1.10E-
rs9268861 32429894 DRA 0.126 0.22 0.49 05 0.196 0.228 0.71 0.032 5.77E-06 6p21.3
Chrg8 2.10E-
rs1559797 74870647 TCEB1 0.249 0.361 0.59 05 0.311 0.335 0.9 0.47
Chr8 2.10E-
rs4738402 74880319  TCEB1 0.249 0.361 0.59 05 0.313 0.337 0.9 0.42
Chr 14 3.00E-
rs8021089 78171544 NRXN3 0.106 0.048 2.34 05 0.077 0.071 1.46 0.13
Chr 19 4.40E-
rs6507 483066 CDC34 0.114 0.042 2.89 07 0.074 0.094 0.76 0.26

bSNP, Build 130 rs number; CHR - BR, chromosomal location National Center for Biotechnology Information (NCBI) Build 36; MAF, minor allele

frequencies; P values, P value of logistic regression under an additive model adjusted for 6 principle components; OR, odds ratio.




The association with the 4927 locus was validated. Currently, experiments are carried in control
cohorts with various disease states including atopy and asthma to control for various background
effects. In terms of using the Asthma Chip for a similar analysis, the ImmunoChip provides a more
robust selection of genes and SNPs (for example ~200,000 SNPs vs ~1000 SNPs on the Asthma
chip). Nevertheless, we now have a second generation Asthma Chip, which has now been
generated and delivered to us and we are in the process of screening EoE and control cohorts.

Aim 2. Elucidate the Role of IL-21 in EE.

e Levels of IL-21 are shown in Figure 1 and indicate that IL-21 and IL-21R expression
within the esophagus are unchanged in active EoE patients compared to normal (NL)
controls (Figure 1). However, these data do not address the potential for IL-21 or IL-21R
expression to be altered in other tissues (blood, skin, etc.) that could contribute to
esophageal inflammation in EOE. Therefore, we are currently investigating IL-21 and IL-
21R genes and protein expression in the blood of EoOE patients and NL controls by
ELISA, quantitative PCR, and flow cytometry.

e We have examined EE induction in mice following intranasal challenge with Aspergillus
fumigatus extract and found that IL-21 regulates the kinetics of allergen-induced
pulmonary inflammatory responses (Figure 2). Reduced total cells and total eosinophils
in the bronchoalveolar lavage fluid (BALF) were observed in 1121r-/- mice compared to
wild-type (WT) mice only at early times (six vs. nine challenges) in the experimental EoE
model. Moreover, esophageal eosinophilia was reduced in IL-21R-/- mice following
allergen challenge (Figure 3). We hypothesized that the reduced esophageal
eosinophilia in the 1121r-/- mice was associated with reduced levels of eosinophil-
recruiting chemokines. Indeed, we observed decreased esophageal expression of the
key eosinophil chemoattractant eotaxin-1 in the [121r-/- mice compared to wild-type mice
following allergen challenge. These data support our hypothesis that IL-21 plays an
upstream role in mediating the esophageal inflammation associated with EoOE. To
further address this hypothesis, we examined the production of the Th2 cytokine
interleukin-4 (IL-4) following A. fumigatus restimulation of cells isolated from lung
draining lymph nodes from WT and [121r-/- mice following intranasal challenge. It is
postulated that the migration of Th2 cells from the inflamed lung into the lung draining
lymph nodes is a key step in the development of secondary tissue (i.e., esophageal)
eosinophilia. Here, we demonstrate that restimulation with A. fumigatus results in
significantly greater levels of IL-4 production in allergen (but not saline) challenged WT
mice compared to allergen challenged 1121r-/- mice (Figure 4).

e The presence of specific autoantibodies in EE sera has been measured by examining for
the presence of IgE, 1gG, and IgM that shows specific binding pattern to lysates from
esophageal epithelial cells, as well as esophageal tissue from patients with active EE.
This analysis has not shown a reproducible titre of auto-antibodies (Figure 4).
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Figure 1. IL-21 and IL-21R expression are unchanged in EoE.
Quantitative PCR analysis of IL-21 (A) and IL-21R (B) in esophageal
biopsies from normal (NL) controls and active EoE patients.




B. ns
P=0.14
10?-
= - _
=10
3 - petot
Q
= 105+ =
@
Q
3
m 10%4
:E [El
[=]
=
104 T 1 T 1
sal asp sal asp
WT IL21R-/-

Total Cells

107+

108+

105+

104_

102+

102_

ns
p=0.12

%

asp

asp

WT

IL21R-/-

NORD

mac
eos
neut
lymph

Figure 2. IL-21R-/- mice have delayed pulmonary inflammation in response
Lung inflammation following six (A) or nine (B)
allergen challenges, as assessed by cellular content (total cells, left panel, and
differential cell counts, right panel) in bronchoalveolar lavage fluid (BALF) in IL-

to A. fumigatus allergen.

21R-/- mice compared to wild-type (WT).




Figure 3. IL-21R-/- mice have reduced
esophageal eosinophilia following intranasal
allergen-challenge. Wild-type (WT) or IL21R-
deficeint mice were sacrificed following nine
intranasal challenges with saline or A. fumigatus
extract. Immunohistochemical staining for major
basic protein in esophageal tissue (arrowheads)
in WT than IL21R-/- mice (A) is quantified
morphometrically in (B). Quantitative PCR (C)
for esophageal expression of eotaxin-1 in IL21R-
/-and WT mice following allergen challenge.
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Figure 4. A. fumigatus restimulation induces
IL-4 production from lymph node cells in
allergen-challenged WT but not 1121r-/- mice.
Lymph node cells from saline or allergen
challenged WT or 1121r-/- mice were treated for
24 hours with 100 ng/mL A. fumigatus extract
and IL-4 production was measured in the
supernatant by ELISA. *, p < 0.05; ns (not
significant) and ** (p < 0.005) compared to
saline challenged mice (three mice per group).
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Figure 4. Autoantibody detection in eosinophilic esophagitis patient sera. A,
Esophageal cell line lysate was plated on an ELISA plate. Patient or control sera was
applied and followed with respective anti-lg secondary antibody. B, Patient or control
biopsy lysate was plated on an ELISA plate. Matched sera was applied and followed
with respective anti-lg secondary antibody. Negative control (without lysate) was
subtracted from the data.

11




Key Research Accomplishments.
e EE Case Control Analysis vs. Distinct Control Groups identifies SNPs in TSLP and a
variety of other candidate genes.
o IL-21R deficient mice are demonstrated to have protection from allergen-induced EE.
¢ Genome-wide significance of X and Y gene locus with EoE susceptibility.

Reportable Outcomes.

1) Sherrill JD, Gao PS, Stucke EM, Blanchard C, Collins MH, Putham PE, Franciosi JP,
Kuchner JP, Abonia, JP, Assa’ad AH, Kovacic MB, Biagini Myers JM, Bochner BS, He
H, Hershey GK, Martin LJ, Rothenberg ME. Variants of thymic stromal lymphopoietin
and its receptor associate with eosinophilic esophagitis. J Allergy Clin Immunol.
2010;126(1):160-5.e3. PMCID: PMC2904342.

2) Sherrill JD, Rothenberg ME. Genetic dissection of eosinophilic esophagitis provides

insight into disease pathogenesis and treatment strategies. J Allergy Clin Immunol.
2011;128(1):23-32. PMCID: PMC3129465.
Please note: The Department of Defense was cited in the Reportable Outcomes
Reference items #1 and #2 as (1) a portion of funds were used for recruitment of DNA
that was analyzed; (2) cited Reference #1 uses a DNA chip that contains 738 SNPs
within immune-based genes that have impact on the proposed study; and (3) Aim 1
proposed to use a broad based custom chip approach and this was preliminarily done in
the Sherrill thymic stromal lymphopoietin J Allergy Clin Immunol, Reference #2.

3) Sherrill J, Martin L, Blanchard C, Annaiah K, Spergel; J, Hakonarson H, Rothenberg M.
Genetic risk variants for celiac disease in the IL2/IL21 locus are associated with
eosinophilic esophagitis. J Allergy Clin Immunol. Feb2010;125(2)Supplement 1:AB160.
Abstract. http://www.jacionline.org/article/S0091-6749(09)02424-5/fulltext
Please note: Data presented at AAAAI Annual Meeting on March 1, 2011.

4) Tissue Repository - we are collecting DNA from EE patients and can estimate 150 EE
DNA samples.

Conclusion.

There is currently a paucity of molecular and genetic insight into EE, and there is currently no
approved drug for this food allergy-associated disease, highlighting the need for innovative
fundamental studies focused on EE. We have identified preliminary genetic susceptibility loci
involved in EE, which has led us to the identification of key potential pathogenic steps involving
TSLP, IL-21, and TGF-beta. Our results have broad implications by (1) uncovering primary
molecular events involved in EE pathogenesis; notably, how they are distinct from other forms
of allergic disease, such as classic food allergy (thus, opening up future research directions);
(2) identifying the importance of genetic components to disease susceptibility; (3) providing a
framework for improved disease diagnosis (risk) and personalized predictive medicine based on
genetic testing; and (4) providing therapeutic strategies based on the identified molecular
pathways that may be amenable to pharmacological manipulation and/or eventual gene
therapy.

References.
1. Sherrill ID, Gao PS, Stucke EM, Blanchard C, Collins MH, Putnam PE, Franciosi JP,
Kuchner JP, Abonia, JP, Assa’ad AH, Kovacic MB, Biagini Myers JM, Bochner BS,
He H, Hershey GK, Martin LJ, Rothenberg ME. Variants of thymic stromal
lymphopoietin and its receptor associate with eosinophilic esophagitis. J Allergy Clin
Immunol. 2010;126(1):160-5.e3. PMCID: PMC2904342.

12



2. Sherrill JD, Rothenberg ME. Genetic dissection of eosinophilic esophagitis provides
insight not disease pathogenesis and treatment strategies. J Allergy Clin Immunol.
2011;128(1):23-32. PMCID: PMC3129465.

3. Sherrill J, Martin L, Blanchard C, Annaiah K, Spergel; J, Hakonarson H, Rothenberg
M. Genetic risk variants for celiac disease in the IL2/IL21 locus are associated with
eosinophilic esophagitis. J Allergy Clin Immunol. Feb2010;125(2)Supplement
1:AB160. Abstract. http://www.jacionline.org/article/S0091-6749(09)02424-5/fulltext
Please note: Data presented at AAAAI Annual Meeting on March 1, 2011.
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Appendix 2.

Variants of thymic stromal lymphopoietin and its receptor
associate with eosinophilic esophagitis

Joseph D. Sherrill, PhD,? Pei-Song Gao, MD, PhD,® Emily M. Stucke, BA,? Carine Blanchard, PhD,? Margaret H. Collins,
MD.,° Phil E. Putnam, MD, James P. Franciosi, MD,® Jonathan P. Kushner, MD,® J. Pablo Abonia, MD,? Amal H. Assa’ad,
MD,? Melinda Butsch Kovacic, PhD,f Jocelyn M. Biagini Myers, PhD,f Bruce S. Bochner, MD,® Hua He, MS,?

Gurjit Khurana Hershey, MD, PhD,?f Lisa J. Martin, PhD,*" and Marc E. Rothenberg, MD, PhD?®  Cincinnati, Ohio, and

Baltimore, Md

Background: The genetic cause of eosinophilic esophagitis (EE)
has been largely unexplored until a recent genome-wide
association study identified a disease susceptibility locus on
522, a region that harbors the thymic stromal lymphopoietin
(TSLP) gene. However, it is unclear whether the observed
genetic associations with EE are disease-specific or confounded
by the high rate of allergy in patients with EE. In addition, the
genetic contributions of other allergy-associated genes to EE
risk have not been explored.

Objective: We aimed to delineate single nucleotide
polymorphisms (SNPs) that associated with EE apart from
allergy.

Methods: We used a custom array containing 738 SNPs in 53
genes implicated in allergic responses, immune responses, or
both to genotype 220 allergic or 246 nonallergic control subjects
and a discovery cohort of 170 patients with EE. We replicated a
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statistically significant SNP association in an independent case-
control cohort and examined the induction of the candidate gene
in primary esophageal epithelial cells.

Results: A single SNP residing in the 7SLP gene reached
Bonferroni linkage disequilibrium-adjusted significance but
only when patients with EE were compared with allergic control
subjects (rs10062929; P = 4.11 x 10~5; odds ratio, 0.35).

A nonsynonymous polymorphism in the thymic stromal
lymphopoietin receptor (7SLPR) gene on Xp22.3 and Yp11.3
was significantly associated with disease only in male patients
with EE. Primary esophageal epithelial cells expressed 7SLP
mRNA after Toll-like receptor 3 stimulation.

Conclusion: These data collectively identify TSLP as a candidate
gene critically involved in EE susceptibility beyond its role in
promoting Ty2 responses. (J Allergy Clin Immunol
2010;126:160-5.)

Key words: Eosinophilic esophagitis, thymic stromal lymphopoietin,
single nucleotide polymorphism, allergy, cytokine receptor—like
factor 2, Toll-like receptor 3

Eosinophilic esophagitis (EE) is a chronic Ty2-associated
inflammatory disease of the esophagus that affects at least 4 in
10,000 persons.l Although symptomatically resembling gastroe-
sophageal reflux disease, EE is clinically defined as esophageal
eosinophilia (>15 intraepithelial eosinophils per high-powered
field) in the absence of abnormal acid reflux disease (assessed
by normal pH monitoring of the distal esophagus or persistent
esophagitis during high-dose acid suppression therapy).” Another
distinguishing feature is the high rate of atopic diseases, including
asthma, eczema, and allergic rhinitis, and sensitivities to environ-
mental and food allergens within both pediatric and adult EE
populations.>* Consistent with an immune-based mechanism of
disease induction, the most effective therapies used to manage
EE are food antigen avoidance and swallowed glucocorticoid
treatment. However, some patients with EE are refractory to glu-
cocorticoid treatment,” suggesting an inherent resistance with a
potential genetic basis.

Reports of EE and esophageal dilatation in relatives of patients
with EE suggest that the incidence of EE and associated esoph-
ageal dysfunction is common among related subjects.l’6 Molecu-
lar analysis of the genetics behind EE was initiated in a study by
Blanchard et al,” which identified a characteristic gene expression
profile within the esophagi of patients with EE, termed the EE
transcriptome, that was distinct from that observed in other forms
of chronic esophagitis. Interestingly, the EE transcriptome was
consistent across sex, age, and familial or nonfamilial inheritance
patterns and was independent of atopic status, suggesting a



J ALLERGY CLIN IMMUNOL
VOLUME 126, NUMBER 1

Abbreviations used
CCED: Cincinnati Center for Eosinophilic Disorders
CCHMC: Cincinnati Children’s Hospital Medical Center
EE: Eosinophilic esophagitis
GWAS: Genome-wide association study
LD: linkage disequilibrium
MAF: Minor allele frequency
OR: Odds ratio
SNP: Single nucleotide polymorphism
TLR3: Toll-like receptor 3
TSLP: Thymic stromal lymphopoietin
TSLPR: Thymic stromal lymphopoietin receptor

common disease mechanism despite phenotypic variations.®’
The most highly expressed gene in the EE transcriptome is
eotaxin-3 (53-fold increase), an eosinophil and mast cell chemo-
attractant; indeed, eotaxin-3 levels correlate with both esophageal
eosinophil and mast cell levels.” Furthermore, evidence is mount-
ing that disease pathogenesis is mediated by the interaction of
Tu2 cells and esophageal epithelial cells because the Ty2
cytokine IL-13 induces a large fraction of the EE transcriptome
(including eotaxin-3) in esophageal epithelial cells.*” A recent
genome-wide association study (GWAS) identified 5922 as a sus-
ceptibility locus for pediatric EE.'” Notably, although 2 genes
(thymic stromal lymphopoietin [TSLP] and WDR36) were pre-
sent in one haplotype block that associated with EE, evidence
was provided that TSLP was the stronger candidate gene because
of its overexpression in the esophagi of patients with EE and its
known biological activity as a key regulator of allergic sensitiza-
tion.'® Yet TSLP has previously been implicated in various atopic
responses,1 1-13 and thus it is not clear whether the EE association
with TSLP is reflective of a general association with atopic pro-
cesses or whether it is specific to EE.

In the present study we sought to identify genetic variants that
associated with EE using a broad-spectrum candidate gene ap-
proach involving a panel of 738 single nucleotide polymorphisms
(SNPs) in allergy-associated molecules, especially epithelial gene
products, including TSLP. Furthermore, we aimed to identify
genetic variants that associated with EE independent of allergy. To
address this question, we genetically compared patients with EE
with a set of clinically defined allergic and nonallergic control
groups. Compared with all genetic variants tested, we demonstrate
that genetic variants within 7SLP are associated with EE indepen-
dent of allergy. Additionally, we present further evidence for the
importance of TSLP in patients with EE by demonstrating that a
genetic variant in the thymic stromal lymphopoietin receptor
(TSLPR) also contributes to EE susceptibility. Furthermore, we
show that primary esophageal epithelial cells express TSLP
mRNA in response to Toll-like receptor 3 (TLR3) activation.

METHODS
Study participants

The discovery EE case cohort consisted of 172 patients who were recruited
by the Cincinnati Center for Eosinophilic Disorders (CCED). DNA samples
were collected at the time of endoscopy or at follow-up from blood or saliva
specimens. Patients were identified with clinically diagnosed EE (>24
eosinophils per high-power field). All patients with EE self-reported race as
white. The male/female ratio was 2.18, and the mean age at diagnosis was 9.39
years (SD, 8.60 years). Approximately 85% of the discovery cohort was

SHERRILL ET AL 161

composed of patients characterized in a recent EE GWAS.'® The percentages
of patients with diagnosed asthma, allergic rhinitis, or eczema were 31%, 53%,
and 39%, respectively. Approximately 50% of these patients with EE were
receiving acid-suppressive therapy, and 18% were taking swallowed glucocor-
ticoid treatment at the time of endoscopy. The discovery control cohorts were
recruited through the Greater Cincinnati Pediatric Clinic Repository and
Genomic Control Cohort at Cincinnati Children’s Hospital Medical Center
(CCHMC). All consenting patients visiting various clinics at CCHMC, includ-
ing the allergy, immunology, and pulmonary clinics, provided buccal swabs or
saliva samples for DNA isolation. Information regarding patient history was
collected through questionnaires pertaining to allergy symptoms. All control
subjects had self-reported race as white. The allergic control cohort
(n = 227) was defined as nonasthmatic subjects having clinically diagnosed
atopic rhinitis or atopic dermatitis or a self-reported history of environmental
allergies, hay fever, or eczema. The nonallergic control group (n = 246) had
no personal or family history of asthma or a personal history of environmental
allergies, allergic rhinitis, or atopic dermatitis.

The replication EE case cohort consisted of 122 independent patients with
similar characteristics as the EE discovery cohort. This cohort was also
collected at the CCED by using the procedures described above. All patients
with EE in the replication cohort self-reported race as white, and 72% of these
patients were included in the EE GWAS. The replication control cohort
consisted of 119 subjects. This cohort was comprised of consenting CCHMC
employees who reported race as white with no self-reported personal history
of gastroesophageal reflux disease or other gastrointestinal symptoms. The
percentage of subjects within this group with self-reported allergy was
approximately 44%. These studies were approved by the CCHMC Institu-
tional Review Board.

Candidate gene and SNP selection

For the discovery phase, we used a custom Illumina SNP chip (ngnp = 768)
designed to interrogate genes with a role in allergy-related signaling pathways,
epithelial cell function, or both based on current literature searches as part of
National Institutes of Health grant U19 AI070235. The TSLP gene was sub-
mitted for inclusion in the initial chip design by Dr Yong-Jun Liu (University
of Texas, M.D. Anderson Cancer Center, Houston, Tex); a total of 9 TSLP
SNPs were included on the chip. In addition to candidate gene SNPs, 30 an-
cestry informative markers were also included. Genotyping with the Illumina
GoldenGate Assay (http://www.illumina.com) system was performed at the
CCHMC Genetic Variation and Gene Discovery Core. Genotypes were as-
signed by using Illumina’s BeadStudio 2 Software (San Diego, Calif). SNPs
that exhibited differences in minor allele frequencies (MAFs > 0.1) between
plates were manually examined to ensure consistent clustering patterns. For
the replication set, TSLP SNPs were genotyped with the ABI TagMan allelic
discrimination assays (Applied Biosystems, Foster City, Calif). The initial
TSLPR sequencing was performed with the ABI 3700 DNA Analyzer. TSLPR
SNPs were genotyped with the ABI TagMan allelic discrimination assays
(Applied Biosystems) in the replication case-control cohorts, as well as in
additional DNA samples from patients with EE and healthy control subjects
collected through the CCED.

Statistical analyses

All analyses were performed separately among the allergic and nonallergic
control cohorts. No TSLP SNPs failed Hardy-Weinberg equilibrium in the con-
trol dataset (P < 10~?), were removed for poor genotype calling (missing rate
>10%), or were excluded with MAFs of less than 10%. A single TSLP SNP was
removed before analysis because of poor clustering. To adjust for multiple test-
ing, we applied a Bonferroni adjustment after correcting for linkage disequilib-
rium (LD) correlation among the SNPs that passed quality control. This
approach is less conservative than the standard Bonferroni adjustment because
it incorporates an LD block—based correction to reduce the total number of in-
dependent tests, thus preventing type I error inflation.'* Filtering of subjects
with greater than 20% missing genotypic information over the chip resulted
in the removal of 2 patients with EE and 7 allergic control subjects before anal-
ysis, yielding a total of 170 cases and 220 allergic and 246 nonallergic control
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TABLE I. TSLP SNPs in patients with EE compared with allergic, nonallergic, or both control subjects

Patients with Allergic control

Nonallergic control Allergic and nonallergic

EE (n = 170) subjects (n = 220) subjects (n = 246) control subjects (n = 466)
MAF; MAF control MAF control MAF control

SNP* BPt cases subjects OR§ P value subjects OR P value subjects OR P value

rs3806932 110433574 0.33 0.40 0.72  3.27E-02 0.41 0.70  1.55E-02 0.41 0.70  9.02E-03
rs3806933 110434641 0.31 0.41 0.63  3.29E-03 0.40 0.70  1.56E-02 0.40 0.66  2.38E-03
1s2289276 110435406 0.24 0.25 0.94  7.40E-01 0.27 0.83  2.69E-01 0.26 0.86  3.43E-01
rs1898671 110435901 0.45 0.33 1.61 1.26E-03 0.35 1.48  7.35E-03 0.34 1.57 5.52E-04
rs10062929 110436078 0.08 0.17 035 4.11E-05 0.13 0.54 1.27E-02 0.15 0.45 5.79E-04
1s2289277 110436966 0.31 0.42 0.61 1.90E-03 0.40 0.69  1.05E-02 0.41 0.64  1.35E-03
rs11466749 110440484 0.11 0.19 0.48  9.29E-04 0.15 0.71 1.12E-01 0.17 0.59 8.47E-03
rs11466750 110440793 0.09 0.18 043 3.37E-04 0.13 0.63  5.25E-02 0.15 0.52  3.08E-03

Presented are the associated P values for TSLP SNPs between patients with EE versus 3 control groups (allergic, nonallergic, or combined).

*dbSNP Build 130 rs number.

TBP, Base pair; chromosomal location National Center for Biotechnology Information (NCBI) Build 36.

IMAF in patients with EE or the specified control group.
§OR for the specified control group compared with patients with EE.

subjects that entered the analyses. Principal component analysis was per-
formed with 30 ancestry informative markers and the EEGENSTRAT software
(http://genepath.med.harvard.edu/~reich/EIGENSTRAT.htm) to account for
potential population stratification/confounding or admixture in these samples.
The principal component score for each subject was included as a covariate in
all models along with age and sex in logistic regression models. As a general
association screen, we tested for the additive models of single-SNP analysis,
which assumes that each copy of the risk allele will increase disease preva-
lence. Unconditional logistic regression was used to calculate P values and
odds ratios (ORs) for each SNP by using the software PLINK (version
1.05).15 Statistical analyses of the TSLPR SNPs (dominant model) and the
TSLP SNPs (Cochran-Armitage trend test) in the replication cohorts were
also performed in PLINK. The Fisher method,”’ which calculates the com-
bined probability from independent tests addressing the same hypothesis,
was used in the meta-analysis of the discovery and replication cohorts.

TSLP expression in stimulated esophageal
epithelial cells

Primary esophageal epithelial cells were cultured from patients’ esopha-
geal biopsy specimens, as previously described.’ Cells were grown in
hydrocortisone-free media 24 to 48 hours before stimulation. Cells were
then treated with 10 or 100 wg/mL poly I:C (InvivoGen, San Diego, Calif)
for 3 or 8 hours. RNA was isolated with TRIzol (Invitrogen, Carlsbad, Calif),
and cDNA was synthesized with iScript (Bio-Rad Laboratories, Hercules,
Calif). RT-PCR analysis for TSLP expression was performed with the follow-
ing primers: forward, 5'-cccaggctattcggaaactca-3'; reverse, 5'-acgccacaa
tccttgtaattgtg-3'. Graphed data were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression from 3 to 4 independent
experiments performed in duplicate.

RESULTS

In our effort to identify EE-specific genetic susceptibility loci,
we used a custom Illumina SNP genotyping chip to screen for
variants within candidate genes involved in allergy, epithelial cell
function, or both. The Bonferroni LD-adjusted P value required
for statistical significance in this study was determined to be 3
X 10~* to account for multiple testing. Because the coincidence
of allergy is high (approximately 70%) in patients with EE, we
first chose to investigate the specificity of any potential associa-
tions of candidate gene SNPs by stratifying the discovery control
cohort into 2 phenotypically defined groups based on a history of
allergy (see the Methods section). When comparing patients with

FIG 1. Associations of TSLP SNPs with EE are independent of allergy
phenotypes. Upper panel, The associated —log,, P values for the
genotyped TSLP SNPs from each analysis (patients with EE vs allergic or
nonallergic control subjects) are plotted based on relative base pair loca-
tion. The dashed line represents the Bonferroni threshold for significance
(P =3 X 107%). Lower panel, The TSLP SNPs reside within an approximate
8-kb interval on 5g22.1 encoding the TSLP gene isoforms (NM_ 033035 and
NM_138551). Represented are exons (white boxes), introns (bold lines), and
untranslated regions (gray boxes).

EE with the allergic control subjects, we found that only TSLP
harbored variants that reached statistical significance (Table I
and Fig 1 and see Table E1 in this article’s Online Repository at
www.jacionline.org). Indeed, 7 SNPs in TSLP exhibited associa-
tion with EE (4.11 X 107° <P <3.29 X 1073). However, when
comparing patients with EE with the nonallergic control subjects,
no genes exhibited variants that reached statistical significance;
the strongest observed TSLP SNP association only reached a
P value of 7.35 X 10~ in this analysis. When the 2 control groups
were combined (allergic and nonallergic), the association
strengthened, most likely because of the increase in the sample
size of the control group. Interestingly, polymorphisms in /14, a
known allergy susceptibility gene, were associated with EE
(best P = 1.33 X 1073; OR, 1.91) using the nonallergic control
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TABLE Il. Replication of TSLP SNP association with EE in 2 independent case-control cohorts
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Discovery cohort*

Replication cohortt

MAF MAF control MAF MAF control
SNP cases subjects OR P value cases subjects OR P value Combined P valuef
rs3806933 0.31 0.40 0.66 2.38E-03 0.31 0.41 0.66 6.10E-02 1.43E-03
1s2289276 0.24 0.26 0.86 3.43E-01 0.26 0.23 1.17 5.01E-01 4.74E-01
rs10062929 0.08 0.15 0.45 5.79E-04 0.09 0.19 0.36 3.31E-04 3.16E-06
1s2289277 0.31 0.41 0.64 1.35E-03 0.36 0.43 0.75 1.69E-01 2.14E-03
rs11466749 0.11 0.17 0.52 3.08E-03 0.11 0.21 0.46 5.00E-03 1.86E-04
rs11466750 0.09 0.15 0.70 9.02E-03 0.10 0.19 0.46 9.00E-03 8.48E-04

*The discovery cohort was composed of 170 patients with EE and 466 allergic and nonallergic control subjects, as described in Table I.
TThe replication cohort was composed of either 87 patients with EE and 114 allergic and nonallergic control subjects or 87 patients with EE and 122 allergic and nonallergic

control subjects for SNP rs10062929.
}Combined P values from the discovery and replication cohorts using the Fisher method.

subjects but not the allergic control subjects (best P = .27; see
Table E1), emphasizing the importance of using phenotypically
matched control subjects for identifying risk variants associated
with primary disease. Moreover, these data highlight the specific-
ity of the TSLP genetic association with EE.

We next aimed to replicate the observed genetic association
with TSLP variants using a completely independent replication
cohort of patients with EE and control subjects (Table II). Al-
though the replication control cohort was composed of both aller-
gic and nonallergic subjects, 3 TSLP SNPs were significantly
associated with EE (Table II, P < .5) in this independent analysis.
In a meta-analysis of the associated TSLP variants from both the
discovery and replication cohorts, the association of rs10062929
strengthened (combined P = 3.16 X 1079 approximately 2 logs
above the threshold of the Bonferroni adjustment. Moreover, the
combined P values for rs11466750 and rs11466749 were nomi-
nally significant (combined P = 8.48 X 10~* and 1.86 X 103,
respectively).

The prevalence of EE in male subjects is approximately
2.5-fold higher than in female subjects. To determine whether
TSLP variants contribute to this sex bias, we performed a sex-
stratified analysis of patients with EE and allergic control subjects
from the discovery cohort and determined the SNPs with the
greatest change in P value in either the male or female cohorts
(see Table E2 in this article’s Online Repository at www.
jacionline.org). Of the 9 TSLP SNPs, only rs10062929 and
rs11466749 also associated in the female EE cohort (P = .016
and P = .048 in patients with EE vs female atopic control
subjects, respectively), whereas the P values of most variants in
TSLP remained unchanged in the male-only analyses.

Interestingly, TSLPR is encoded on a pseudoautosomal region on
Xp22.3 and Yp11.3, which further underscores the potential signif-
icance of finding SNPs in the TSLP/TSLPR pathway observed
among male patients with EE.'” We were interested in testing the
hypothesis that variants in TSLPR might also associate with EE in
a sex-specific manner. Therefore we genotyped 3 coding SNPs re-
cently validated from direct sequencing of the TSLPR gene (P.G.,
unpublished data): rs36139698, rs36177645, and rs36133495. Of
these, the SNPrs36133495 (Ala to Val) was significantly associated
with disease risk in a cohort of male patients with EE and healthy
male control subjects (Val/Val: 27% in male patients with EE vs
15% in male control subjects; P = .039; OR, 2.05; Fig 2 and
Table III). Conversely, rs36133495 was not significantly associated
in a female case-control analysis (P = .929; OR, 1.22). Taken to-
gether, these data present evidence that the TSLP signaling pathway
might contribute to the male bias seen in patients with EE.

FIG2. A nonsynonymous SNP in TSLPR associates with EE in a sex-specific
manner. A nonsynonymous SNP (rs36133495) in TSLPR, which resultsin an
Ala to Val coding change, shows a sex-based association with increased
disease risk in male patients with EE, with Val/Val and Ala/Val subjects at
higher risk (OR, 2.05) compared with Ala/Ala subjects. Genotyped were
199 male patients with EE and 78 male healthy control subjects (NL).

In the lung and skin TSLP is produced primarily by epithelial
cells in response to Ty2 cytokines or TLR3 agonists, subse-
quently targeting dendritic cells to develop Ty2-polarizing activ-
ity, including cytokine and chemokine production'>'®; however,
it has been observed that activated mast cells can also express
TSLP to similarly drive Ty2 resp011ses.l2’19’20 Indeed, we have re-
cently observed increased expression of TSLP mRNA in the
esophagi of patients with EE compared with that seen in control
subjects.'® Accordingly, we aimed to determine whether primary
esophageal epithelial cells could produce TSLP. Notably, expo-
sure to the TLR3 ligand poly I:C (a double-stranded RNA mi-
metic) robustly increased TSLP mRNA expression in as little as
3 hours after treatment with either 10 or 100 pg/mL poly I:C
(Fig 3). These data suggest that the esophageal epithelium is a
source of TSLP expression in patients with EE.

DISCUSSION

Herein we report that TSLP is the most dominant genetic vari-
ant associated with EE risk using a large panel of SNPs within rel-
evant allergy and epithelial gene products. We demonstrate that
the genetic association of EE with TSLP occurs largely indepen-
dent of allergy, providing compelling evidence in support of our
recent GWAS analysis that identified the 5922 locus as a risk
locus for EE susceptibility.lo It is notable that the direction of
the disease risk (OR < 1) was similar in the discovery and repli-
cation cohorts in our present study and recent EE GWAS, support-
ing the genetic association to this region. However, given that the
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TABLE lll. A sex-specific association of a TSLPR SNP in male patients with EE

Male patients with EE (n = 199), male control

subjects (n = 78)

Female patients with EE (n = 105), female control
subject (n = 78)

MAF MAF control MAF MAF control
SNP* cases subjects OR P valuet cases subjects OR P valuet
rs36133495 0.53 0.44 2.05 .039 0.47 0.42 1.22 929

*dbSNP Build 130 rs number.
TP value using a dominant model of association.

FIG 3. TLR3 signaling stimulates TSLP expression in primary esophageal
epithelial cells. Treatment of primary esophageal epithelial cells with the
TLR3 agonist poly I:C induces a robust increase in TSLP mRNA levels.
Data shown are the means + SEMs from 4 to 5 independent experiments
performed in duplicate. *P < .05, **P < .01, and ***P < .001. GAPDH,
Glyceraldehyde-3-phosphate dehydrogenase.

more common allele is associated with disease susceptibility, the
causative allele in EE is unlikely to have been identified. That the
same genetic region (5q22) has been linked to blood eosinophilia
further implicates a potential relationship between TSLP and
eosinophilic disease.”!

In exploring potential mechanisms for the male predilection
observed in the population with EE, we performed a sex-stratified
analysis for TSLP and TSLPR polymorphisms. Indeed, a sex-
specific interaction was supported for TSLP variants, as well as
a nonsynonymous SNP within TSLPR on Xp22.3/Ypll.3 in
male patients with EE. Bioinformatic analysis of the variant sug-
gests that the mutant TSLPR has increased stability compared
with the wild-type protein, which could conceivably prolong
TSLP-induced signal transduction.”” In a recent study by Mul-
lighan et al,>* comparative genomic hybridization analysis in pa-
tients with B-progenitor acute lymphoblastic leukemia identified
a fusion event between exon 1 of the P2RY8 receptor and TSLPR,
resulting in a constitutive activation of the Janus kinase—signal
transducer and activator of transcription pathway, indicating the
profound ability of the TSLP pathway to induce disease.

We also demonstrate that 7SLP mRNA expression is induced in
primary esophageal epithelial cells after activation of the TLR3
pathway; itis notable that viral gastroenteritis—like symptoms often
precede the onset of EE. TSLP was originally identified as a prosur-
vival factor that could induce pre-B-cell differentiation and prolif-
eration.”* Constitutive phosphorylation of signal transducer and
activator of transcription 5 has been linked with lymphoprolifera-
tive diseases and malignancies.25 Perhaps TSLP overexpression
could contribute to both the inflammatory and hyperproliferative
states observed in the esophageal epithelium of patients with EE.

Beyond elucidating a role for TSLP in patients with EE,
these results have broad implications for the discovery of rare
disease risk variants. Specifically, these results demonstrate the

importance of appropriate control cohort selection. Consideration
of comorbid diseases might provide insight into the role of genetic
risk variants, particularly when a rare disease phenotype (EE)
tracks with a more common phenotype (allergy). In the present
study we show that use of well-characterized control populations
in genetic association studies can overcome relatively small sam-
ple sizes to identify true risk variants.

In conclusion, we have identified a specific genetic contribu-
tion of TSLP to EE susceptibility, a finding that provides key
insight into disease pathogenesis and likely explains, at least in
part, the male sex bias in this disease. We propose that activation
of the innate immune system in the esophageal epithelium involv-
ing TSLP is likely to have a key role in the subsequent adaptive
allergic response ultimately triggered by food antigens. These
findings present TSLP as a potential molecular target for thera-
peutic intervention and thus highlight the key role of innate
immunity in the development of specific allergic disease.
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Key messages

o Polymorphisms in 7SLP are risk factors for EE indepen-
dent of underlying allergy phenotypes.

e A sex-specific association between SNPs in 7SLP, as well

as a nonsynonymous SNP in TSLPR, suggests a mecha-
nism for the male predilection of EE.

e Primary esophageal epithelial cells express TSLP mRNA
in response to TLR3 signaling.
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presumably in tissues.

ALLERGY ARCHIVES

THE EOSINOPHIL, A HISTORICAL RETROSPECTIVE:
TOXIC FUNCTION

The question of whether blood and tissue eosinophils characterizing human disease
function to the benefit or detriment of the host was addressed in the investigations of
Gleich (1931- ) at the Mayo Clinic. In 1973, he identified, isolated, and characterized the
major basic protein (MBP) in the crystalline core of the guinea pig eosinophil granule.
Demonstration of MBP as the eosinophil-derived agent that damaged tegument of
parasitic helminths and murine ascites tumor cells raised the possibility that it might
damage cells from organsinfiltrated with eosinophils. Gleich’'s extended studies centered
on determining whether MBP could damage normally functioning cells and whether
concentrations of MBP in the toxic range were present in fluids bathing organs.

Findings indicated that MBP damaged cells from organs whose dysfunction was
frequently associated with an infiltration of eosinophils.2 In vitro injurious damaging
concentrations present in body fluids from patients with eosinophil-associated disorders
pointed to the possibility that the eosinophil may impair organ function in disease states.
That concept could explain positive associations between eosinophiliaand organ dysfunc-
tion in asthma, vasculitis, and hypereosinophilic syndrome and beneficial effects of
glucocorticoids, which at therapeutic doses reduced eosinophil numbers in blood and

At about the same time, Austen and his associates were studying modulating effects of
eosinophil granular enzymes on alergic reactions. To read about their investigative
findings, please visit www.jacionline.org/content/allergy_archives for an Allergy Archive
summary entitled “Immune and Hypersensitivity Relevance.”

1. Gleich GJ, Leogering DA, Madonato GJ. Identification of a major basic protein in
guinea pig eosinophil granules. J Exp Med 1973;137:1459-71.

2. Gleich GJ, Evangelo F, Loegering DA, Wassom DL, Steinmuller D. Cytotoxic proper-
ties of the eosinophil major basic protein. JImmunol 1979;123:2925-7.
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METHODS

Statistical analysis

Quality control filtering and adjustment for population stratification were
performed before sex stratification, as described. To test for genotype-by-sex
interaction, we first performed split-sample analysis, in which the male and
female subjects were run separately to determine whether the association was
strong in one of the sexes. We then performed formal genotype-by-sex
interaction analysis in PLINK to ensure that different strengths of association
were not due to differences in sample size.
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TABLE E1. Top 10 SNPs most associated with EE in discovery cohort analysis
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Patients with EE (n = 170) vs allergic control subjects (n = 220)

Gene CHR SNP* BPt Minor allele MAF cases MAF control subjects OR P value

1 TSLP 5 rs10062929 110436078 A 0.08 0.17 0.35 4.11E-05
2 TSLP 5 rs11466750 110440793 A 0.09 0.18 0.43 3.37E-04
3 TSLP 5 rs11466749 110440484 G 0.11 0.19 0.48 9.29E-04
4 TSLP 5 rs1898671 110435901 T 0.45 0.33 1.61 1.26E-03
5 TSLP 5 1s2289277 110436966 G 0.31 0.42 0.61 1.90E-03
6 TSLP 5 rs3806933 110434641 T 0.31 0.41 0.63 3.29E-03
7 ILI10 1 rs3024500 205007454 C 0.41 0.50 0.65 5.99E-03
8 IL10 1 1$2222202 205012004 T 0.41 0.50 0.66 8.06E-03
9 DNAHS 5 rs11958133 13794223 C 0.26 0.18 1.60 8.79E-03
10 IL10 1 1rs3024496 205008487 C 0.41 0.50 0.67 1.07E-02

Patients with EE (n = 170) vs nonallergic control subjects (n = 246)

Gene CHR SNP BP Minor allele MAF cases MAF control subjects OR P value

1 14 5 rs2243250 132037053 T 0.18 0.10 1.91 1.33E-03
2 14 5 152243282 132044453 A 0.18 0.10 1.79 3.96E-03
3 14 5 1rs2243268 132041862 C 0.17 0.10 1.77 5.09E-03
4 KIF3A 5 rs3798130 132070045 A 0.17 0.10 1.76 5.47E-03
5 TSLP 5 rs1898671 110435901 T 0.45 0.35 1.48 7.35E-03
6 KIF3A 5 1s2299011 132070441 G 0.17 0.10 1.71 9.07E-03
7 TSLP 5 1s2289277 110436966 G 0.31 0.40 0.69 1.05E-02
8 14 5 1$2243274 132042731 A 0.18 0.11 1.66 1.08E-02
9 ADCY2 5 rs12652807 7502380 G 0.09 0.14 0.55 1.11E-02
10 IL10 1 1r$3024500 205007454 C 0.41 0.50 0.69 1.15E-02

Patients with EE (n = 170) vs combined control subjects (n = 466)

Gene CHR SNP BP Minor allele MAF cases MAF control subjects OR P value
1 TSLP 5 rs1898671 110435901 T 0.4471 0.3411 1.57 5.52E-04
2 TSLP 5 rs10062929 110436078 A 0.07647 0.1516 0.45 5.79E-04
3 TSLP 5 1s2289277 110436966 G 0.3118 0.4093 0.64 1.35E-03
4 TSLP 5 rs3806933 110434641 T 0.3107 0.403 0.66 2.38E-03
5 TSLP 5 rs11466750 110440793 A 0.08929 0.1544 0.52 3.08E-03
6 ILI0 1 1r$3024500 205007454 C 0.1765 0.1753 0.68 3.85E-03
7 IL10 1 1$2222202 205012004 T 0.4118 0.4978 0.70 7.37E-03
8 IL10 1 1rs3024496 205008487 C 0.4118 0.4946 0.70 8.47E-03
9 TSLP 5 rs11466749 110440484 G 0.1088 0.1688 0.59 8.47E-03
10 TSLP 5 rs3806932 110433574 G 0.3254 0.4056 0.70 9.02E-03

CHR, Chromosome.
*dbSNP Build 130 rs number.

TBP, Base pair; chromosomal location National Center for Biotechnology Information (NCBI) Build 36.
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TABLE E2. Sex stratification for TSLP risk variants
Female sex* Male sext

SNP BP OR P value OR P value
rs10062929 110436078 0.34 1.57E-02 0.35 9.50E-04
rs11466750 110440793 0.48 6.84E-02 0.38 1.69E-03
rs11466749 110440484 0.48 4.78E-02 0.48 1.02E-02
rs1898671 110435901 1.36 2.08E-01 1.77 3.40E-03
1s2289277 110436966 0.62 7.62E-02 0.59 1.14E-02
rs3806933 110434641 0.66 1.23E-01 0.61 1.60E-02

*Female patients with EE (n = 53); female allergic control subjects (n = 94).
tMale patients with EE (n = 117); male allergic control subjects (n = 126).
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Eosinophilic esophagitis (EoE) is a chronic inflammatory
disorder of the esophagus that is compounded by both genetic
predisposition and aberrant responses to environmental
antigens, particularly those that are food derived. Data have
indicated a unique transcriptional response in vivo that defines
EoE and that appears to be partially attributable to the T2
cytokine IL-13. Moreover, a number of genetic risk variants in
proinflammatory and epithelial cell genes associate with EoE
susceptibility, demonstrating novel heritable mechanisms that
contribute to disease risk. Here we discuss recent advances in
our understanding of the intrinsic (genetic) and extrinsic
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(environmental) components that illustrate the complex nature
of EoE. (J Allergy Clin Immunol 2011;128:23-32.)

Key words: Eosinophilic esophagitis, genetics, candidate gene,
genome-wide association, polymorphism

The phenomenon of esophageal eosinophilia can be traced
through the published literature as far back as 1962." Since these
early reports, much progress has been made at the molecular and
clinical levels to tease apart the intricacies that distinguish eosin-
ophilic esophagitis (EoE) from other inflammatory disorders,
including gastroesophageal reflux disease (GERD). As the prev-
alence of these diseases has increased since the late 1990s, the
need for improved diagnoses, both from a therapeutic and re-
search standpoint, has arisen. Moreover, the high degree of over-
lap in presenting symptoms in EoE and GERD have been
problematic clinically and have necessitated the establishment
of diagnostic criteria to differentiate the 2 diseases.

In 2007, the First International Gastrointestinal Research
Symposium published initial guidelines for the clinical diagnosis
of EoE based on the symptomatology and histology of the
disease.> More recently, updated consensus recommendations
from a panel of allergists, pathologists, and gastroenterologists
have been stated (see Liacouras et al® in this issue of the Journal).
These recommendations emphasize that EoE is a chronic,
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Abbreviations used
AD: Atopic dermatitis
CRLF2: TSLP receptor singe nucleotide polymorphism
DSGI: Desmoglein-1 gene
EDC: Epidermal differentiation complex
EoE: Eosinophilic esophagitis
FLG: Filaggrin gene
GERD: Gastroesophageal reflux disease
GWAS: Genome-wide association study
hpf: High-powered field
POSTN: Periostin gene
SNP: Single nucleotide polymorphism
TSLP: Thymic stromal lymphopoietin
WDR36: WD repeat domain 36 gene

antigen-driven clinicohistopathological disorder that is causa-
tively and epidemiologically distinct from GERD. Clinically,
EoE is characterized by a spectrum of symptoms indicative of
esophageal dysfunction. Pathologically, 1 or more esophageal
mucosal biopsy specimens show eosinophil-predominant inflam-
mation in excess of 15 intraepithelial eosinophils per high-
powered field (hpf). The disease is isolated to the esophagus,
and other causes of esophageal eosinophilia should be excluded.
The peak age of EoE diagnosis occurs within the first 3 years of
life,* most likely resulting from antigen hypersensitivity as solid

GLOSSARY

BASAL ZONE HYPERPLASIA, PAPILLARY ELONGATION: Histologic
findings in patients with EoE that are caused by active basal cell
proliferation and increased extension of the vascular papillae and
subepithelial lamina propria into the epithelial space. Other typical
histologic features of EoE include dilated intercellular spaces and lamina
propria fibrosis.

CCR3, EOTAXINS: CCR3 binds eotaxins. Although eotaxin-1 and
eotaxin-2 target eosinophils to the lung and lower gastrointestinal tract,
eotaxin-3 is present only in human subjects and functions as a chemo-
attractant for esophageal eosinophils.

CHROMATIN IMMUNOPRECIPITATION (CHIP): ChIP technology uses
antibodies to precipitate a protein bound to DNA. The bound DNA
sequence can be analyzed to look for target sequences for transcription
factors or histone-associated regions of DNA.

EPIGENETICS: The study of changes in DNA configuration that allow for
changes in gene expression independent of sequence changes. For
example, DNA methylation can cause DNA closing, making specific
genetic regions inaccessible to RNA polymerase and transcription
factors, thus silencing gene expression. Histone acetylation can allow
DNA to open and can increase transcription. CREB-binding protein (CBP,
p300) is a histone acetylase implicated in EoE pathogenesis.

FILAGGRIN, INVOLUCRIN: Involucrin is present in the cytoplasm of
keratinocytes and is cross linked to cell membrane proteins through
transglutaminase. This allows the formation of a strong epithelial barrier
and decreases skin invasion by microorganisms. The usual function of
filaggrin is to function as a natural moisturizing factor. Loss of function
in the filaggrin gene causes ichthyosis vulgaris and predisposes to
eczema, asthma, and EoE.

GENOME-WIDE ASSOCIATION STUDY (GWAS): GWASs use gene chip
technology and bioinformatics to analyze the human genome for SNPs
in diseased and nondiseased states. Haplotypes (in blocks) that vary
between diseased and nondiseased subjects are considered to be
associated with the disease state.
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foods are introduced, although diagnosis in adults is also com-
mon. Disease remission typically occurs with treatment, which
might include dietary exclusion, topical corticosteroids, or
both.? The symptomatology of EoE, if untreated, follows a trend
according to patient age. In pediatric patients, these symptoms be-
gin as difficulty feeding and vomiting and can result in failure to
thrive.® In adolescent and adult patients, abdominal pain, dys-
phagia, and food impaction are the chief presentations of the
disease.®” Endoscopic examination has identified common
esophageal abnormalities associated with EoE, such as linear fur-
rowing with loss of vascularity, ring-like structures, and the pres-
ence of white exudate on the esophageal epithelium.>®
Histologically, the esophageal epithelium exhibits extensive
basal zone hyperplasia with papillary elongation and fibrosis
within the lamina propria and accumulation of eosinophils,
B lymphocytes,” CD4™* and CD8™ T lymphocytes,'” regulatory
T cells,!! and mast cells. >4

In addition to being resistant to acid neutralization therapy,
another distinguishing feature of EoE is the high rate of concur-
rent atopy. Studies have indicated a prominent role for food
allergies in patients with EoE, with published frequencies ranging
from 46% to 79% within the EoE population.*>'>"'° In compari-
son with the estimated 22% of patients with peanut allergy who
have tolerance later in life,'” only a very small percentage
(<10%) of patients with EoE have tolerance to food antigens, as
defined by sustained disease remission, ' demonstrating the

IL-13: IL-13 is a Ty2 cell-derived interleukin capable of inducing multiple
aspects of eosinophil-associated tissue remodeling. IL-13 overexpres-
sion in target organs of transgenic animals is associated with pulmo-
nary, esophageal, and cutaneous fibrosis, as well as angiogenesis.

LAMBDA (A): The familial relative risk is defined by the statistic A, which
assesses the risk of disease in a subject with a diseased first-degree
biological relative to the risk in the population at large. The larger the A
value, the stronger the genetic effect is on the disease.

LINEAR FURROWING, WHITE EXUDATES: Typical endoscopic findings
in patients with EoE include esophageal lichenification, linear furrow-
ing, pallor, and white exudates/plaques (histologically comprised of
eosinophils), strictures, and concentric rings caused by motility or
fibrosis.

SINGLE NUCLEOTIDE POLYMORPHISM (SNP): Genetic variant in a
single nucleotide that might be normally present in the population and
associated with risk for certain complex polygenic diseases.

THYMUS AND ACTIVATION-REGULATED CHEMOKINE (TARC): TARC,
also known as CCL17, induces migration of CCR4" T cells to the skin in
patients with eczema, and its expression can be increased in the periph-
ery of some patients with EoE.

TRANSCRIPTOMES, PROTEOMES: Gene expression microarray de-
fines transcriptional differences among subjects with and without a
disease state. Gene chip technology and bioinformatics are used to
analyze the level of gene expression (referred to as the “transcriptome”)
across the genome in diseased versus control populations. Proteomes
are the protein expression pattern of an organism. Proteomic analysis
can use techniques, such as 2-dimensional gel analysis and peptide
sequencing or antibody arrays, to find both previously known and
unknown proteins associated with a particular disease state.

TGF-B: TGF-B is produced by epithelial cells and inflammatory cells,
including eosinophils, and mast cells and has profibrotic effects. TGF-
B1, 2, and 3 reside on distinct chromosomes but use the same signaling
pathway and receptors.

The Editors wish to acknowledge Seema Aceves, MD, PhD, for preparing this glossary.
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chronic nature of EoE. The most effective therapies currently
used to manage EoE are food antigen avoidance or swallowed
glucocorticoid treatment.'® Although these treatments can reduce
or eliminate disease symptoms, relapse commonly occurs after
reintroduction of allergens or discontinuation of treatment, sug-
gesting that food antigen hypersensitivity is a fundamental feature
of EoE. A number of empiric and test-based food elimination
trials have further implicated food hypersensitivity in the popula-
tion with EoE; however, the high variability and low predictive
value of skin prick tests and serum IgE measurements as demon-
strated in these studies suggest that the clinical utility for stan-
dardized assessment for food-specific reactivity in patients with
EoE remains to be determined (see Chehade and Aceves'® for a
thorough review of clinical food trials in patients with EoE).
Other atopic diseases, such as atopic dermatitis (AD), asthma,
and allergic rhinitis, are also common in the population with
EoE. Although these diseases are largely mediated by enhanced
sensitivity to aeroallergens, the exacerbated Ty2 inflammation
and tissue remodeling that occurs within the affected tissues
indicate shared mechanisms of disease with EoE.

EPIDEMIOLOGY

With the expansion of EoE cases reported worldwide, multiple
studies have aimed to establish a baseline prevalence of EoE and
determine whether disease incidence has increased. From 2000-
2003, the estimated prevalence of EoE in a pediatric population
was approximately 4 in 10,000, with an incidence rate of 0.9 to 1.3
in 10,000 new cases per year.5 A similar prevalence (approxi-
mately 2 cases per 10,000) and incidence rate (1.4 per 100,000)
during a 16-year period were observed in an adult Swiss cohort.'?
A study of 1000 esophageal biopsy specimens from a randomized
Swedish cohort showed a disease prevalence of 0.4%, as defined
by using an esophageal eosinophil level of greater than 20/hpf.*°
However, in a retrospective study examining esophageal biopsy
specimens from 666 pediatric patients given diagnoses of esoph-
agitis from 1982-1999, data suggest that although the prevalence
of EoE was increasing, the incidence of disease was relatively
stable, despite the marked increase in esophagogastroduodenos-
copies during that time period.' By using the current recommen-
ded eosinophil threshold for EoE diagnosis (>15/hpf), 198 of
these patients had sufficient eosinophils levels, with many having
histologic indications of basal layer expansion and lamina propria
fibrosis to indicate a retrospective diagnosis of EoE.?! These find-
ings suggest that enhanced disease recognition, rather than a true
increase in disease incidence, underlies the emergence of EoE
within the last decade. Notably, dysphagia was significantly asso-
ciated with retrospective EoE, and the ancestry and sex of these
cases were similar to those currently reported, with the majority
being white (81%) and male (72%).>"

An interesting questionnaire-based study on the geographic
distribution of EoE across the United States has indicated higher
disease prevalence in urbanized areas, with a higher concentration
of EoE observed in the northeastern states. Here the estimated
prevalence of EoE in the entire United States was 52 per
100,000.>* A similar trend of a higher EoE prevalence in urban
areas was shown to be independent of race, indicating that envi-
ronment has an equally important contribution as genetics to
EoE risk.” Certainly the high incidence of asthma among urban
populations, as demonstrated by multiple groups, has garnered
significant attention®* and given credence to the general
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hypothesis that increased exposure to aeroallergens is a predis-
posing factor. The findings by Spergel et al*> and Franciosi
et al,>® which define these EoE “hot zones” within urban settings,
implicate a similar effect of socioeconomic factors in EoE
susceptibility.

GENETIC HERITABILITY

An underlying genetic predisposition to EoE has been pro-
posed by multiple groups that show a disproportionate prevalence
of disease in white subjects and male subjects and within families
of affected subjects.'>** For instance, data over a 14-year period
demonstrated that 90% of the patients with EoE were white and
75% were male." Reports of a familial occurrence of EoE and
esophageal dilatation in 6.8% and 9.7% of patients with EoE, re-
spectively, suggest that the prevalence of EoE and associated
esophageal dysfunction is high among related subjects.’ Further-
more, the increased risk of EoE among siblings is dramatic when
compared with other disorders. For instance, the estimated sibling
recurrence risk among siblings of patients with EoE (A, = ~ 80)
is markedly higher compared with that of siblings with other
atopic diseases with familial inheritance patterns, such as asthma
\g = ~2).25 However, despite this strong familial inheritance,
comparison of familial with sporadic cases of EoE showed no
difference in esophageal pathology (with the exception of linear
furrowing) and gene expression proﬁles.26 Nonetheless, genetic
predisposition and family history likely have a significant role
in EoE susceptibility, and thus detailed family histories are
paramount when encountering these patients.

TRANSCRIPTOME ANALYSIS

A major step toward the molecular mapping of EoE was
achieved when gene expression profiling of patients’ esophageal
biopsy specimens showed a remarkable transcript signature that
distinguishes patients with EoE from healthy control subjects
and patients with chronic esophagitis.”’ Altered expression of
approximately 574 genes comprises this EoE “franscriptome,”
which exhibits a high level of conservation among patients’
sex, age, and atopic history and strongly correlates with esopha-
geal eosinophil levels. The most highly induced gene in the
esophagi of patients with EoE is the eosinophil chemoattractant
eotaxin-3 (CCL26), which was overexpressed 53-fold in esopha-
geal biopsy specimens from patients with EOE compared with
normal esophageal biopsy specimens.”’ Eotaxin-3 belongs to
the eotaxin family (eotaxin-1 to eotaxin-3) of CC chemokines
and, through its receptor, CCR3, activates downstream G protein
signaling to drive eosinophil chemotaxis and activation. Of the
eotaxins, only CCL26 is upregulated in patients with EoE, and
its expression correlates with eosinophil (and mast cell) levels
within esophageal biopsy specimens, indicating a specific contri-
bution in the disease.”’ Notably, levels of CCL26 transcript in a
single biopsy specimen are highly sensitive (89%) in distinguish-
ing EoE from control populations®® despite the histological
“patchiness” of EoE across multiple biopsy specimens. In fact,
histological examination of at least 3 biopsy specimens is re-
quired to achieve similar diagnostic sensitivity.”> Immunofluo-
rescence and in situ hybridization studies on esophageal biopsy
specimens identify the esophageal epithelium as the main source
of eotaxin-3 production.*” In vivo models of EoE further illustrate
the crucial role of eotaxin-3 in disease because mice deficient in



26 SHERRILL AND ROTHENBERG

the eotaxin receptor Ccr3 are protected from esophageal eosino-
philia after allergen challenge.27 Steroid therapy, in particular
swallowed glucocorticoids, effectively normalizes as much as
98% of the EoE transcriptome,” including CCL26, indicating
the dynamic nature and reversibility of the genetic dysregulation.

In addition to eotaxin-3, a number of immune cell-specific
genes exhibit differential expression levels in patients with EoE.
For instance, expression of immunoglobulin genes and genes
involved in antibody class switching is increased, reflecting the
increase in the esophageal B-cell population in patients with
EoE.° Mast cell-specific genes, specifically carboxypeptidase 3A
(CPA3), high-affinity IgE receptor (FCERI), and tryptase-a
(TPSABI), are abundantly represented in the EoE transcriptome,
and mast cells are indeed a prominent inflammatory cell in the
esophagi of patients with EoE when specifically examined with
anti-tryptase staining.'**’ Based on mast cell levels, a specific
esophageal transcriptome is also identified in patients with EoE,
which only partially overlaps with the transcriptome defined by
eosinophil levels alone,'? indicating that mast cells and eosino-
phils are likely independently involved, at least in part. Significant
increases in mast cell degranulation and mastocytosis within the
epithelium, lamina propria, and smooth muscle layer,'*'® which
can be ameliorated with steroid therapy,12 further implicate these
cells in the local inflammatory milieu within the esophagus.

A significant portion of the gene transcriptional changes
associated with EoE occurs within the esophageal epithelium.
These structural cells can influence multiple aspects of the disease
phenotype, including inflammatory cell recruitment, tissue re-
modeling, and hyperproliferation. The human esophageal epithe-
lium is composed of nonkeratinized, stratified squamous epithelia
with a proliferating basal layer of 1 to 3 cells in depth and a
differentiating suprabasal layer migrating toward the esophageal
lumen.*® Many of the histopathological features of the esophagus
that are associated with EoE indicate gross defects in cell adher-
ence, as indicated by dilated intercellular spaces, expansion of the
basal cell layer, and extracellular matrix deposition within the
lamina propria. Studies have highlighted IL-13 as a critical sig-
naling molecule capable of altering global gene expression of
the esophageal epithelium. Ex vivo microarray analysis showed
that treatment of biopsy-derived primary esophageal epithelial
cells with IL-13, which is upregulated at the mRNA level in pa-
tients with EOE, can largely recapitulate the EoE transcriptome.”’
This study also confirmed epithelial cells as the primary source of
CCL26 in patients with EoE, which was upregulated by an as-
tounding 279-fold after IL-13 stimulation ex vivo.” Notably,
esophageal epithelial cells derived from patients with EoE and
control subjects respond similarly to IL-13, as assessed based
on CCL26 production.’’

Animal models have provided demonstrative data highlighting
the robust proinflammatory action of IL-13 in an in vivo setting.
Lung-specific overexpression of //1/3 in mice induces an asthma-
like phenotype in the absence of antigen challenge that is charac-
terized by marked inflammatory cell infiltration into the lungs and
enhanced airway mucus production.>” However, this model also
promotes inflammation within the esophagus, such as esophageal
eosinophilia and tissue remodeling, including fibrosis, angiogen-
esis, and epithelial hyperplasia.*® The esophageal remodeling in
this model occurs independently of eosinophilia and is inhibited
by the type 2 IL-13 receptor (IL-13Ra2).* In summary, these
findings implicate the esophageal epithelium as the pathogenic
target of IL-13 signaling in patients with EoE, as demonstrated
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by the induction of pronounced histologic and molecular changes
that occur in the presence of this potent T2 cytokine.

The epidermal differentiation complex (EDC) on human
chromosome 1q21 is a cluster of genes that regulates terminal
differentiation and formation of the cornified envelope of the
epithelium.** Despite the lack of a cornified layer in the esopha-
gus, the EDC locus contains the highest density of dysregulated
genes in the EoE transcriptome compared with all other loci in
the genome.?' Loss-of-function mutations in several EDC genes,
including filaggrin (FLG), have been reported for various cut-
aneous disorders.>>° FLG, involucrin (IVL), and several small
proline-rich repeat (SPRR) family members (2C, 2D, and 3) are
expressed in esophageal epithelial cells but are downregulated
in response to IL-13 ex vivo,’! implicating a homeostatic role
for the EDC in the esophageal epithelium. Loss of FLG expres-
sion and subsequent defects in epidermal barrier function have
been demonstrated in patients with AD,***! which frequently
co-occurs with EoE. However, no significant difference in FLG
expression is observed between atopic and nonatopic patients
with EoE,*! suggesting an alternative function for filaggrin in
regulating the epithelial structure within the human esophagus.

It is important to note that 2% of the EoE transcriptome is not
reversible after disease remission induced by swallowed gluco-
corticoids.*® Interestingly, these transcripts include genes that are
involved in regulating homeostatic and pathogenic responses in
the epithelium, such as cadherin-like 26 (CDH26), uroplakin
1B (UPKIB), periostin (POSTN), and desmoglein-1 (DSG1).*°
Desmoglein-1 is a transmembrane desmosomal cadherin compo-
nent of desmosomes and facilitates the calcium-dependent homo-
typic interactions between adjacent cells that impart both
structure and mechanical strength to the epithelia. Expression
of DSG1 is decreased in both glucocorticoid-treated and untreated
patients with EoE (77% and 87%, respectively) compared with that
seen in healthy control subjects. Desmoglein-1 is of particular
importance because it is the target of multiple inherited and ac-
quired cutaneous disorders. Pemphigus foliaceus and pemphigus
vulgaris are autoimmune diseases in which autoantibodies targeting
desmoglein-1 decrease cellular adhesion, resulting in epidermal
blistering.*? Notably, epithelial microabcesses exhibiting pro-
nounced eosinophilic inflammation that can be associated with
pemphigoid disorders have also been demonstrated within the
esophagus, such as in pemphigus vegetans.*® Furthermore, multiple
heterozygous mutations in the extracellular domain coding region
of DSGI have been linked with striate palmoplantar keratoderma,
a disease characterized by epidermal thickening on the palms and
soles.** Collectively, these findings substantiate the significance
of alterations in desmoglein-1 in a spectrum of human diseases; it
is tempting to speculate that tissue-specific decreases in desmo-
glein-1 might be pathogenic and partially responsible for the
tissue-specific inflammation in patients with EoE.

POSTN is the gene of another key molecule that demonstrates
steroid resistance in patients with EoE. Periostin, which functions
as a cell adhesion molecule that regulates extracellular matrix de-
position,*>*® is dramatically upregulated in patients with EoE by
approximately 52-fold; although glucocorticoid therapy can re-
duce a significant portion of this overexpression, POSTN
expression remains increased in glucocorticoid-treated patients
(approximately 2-fold).*” Periostin is expressed in the basal
epithelium and papillae47 of the esophagus, suggesting a contrib-
uting role for the increased lamina propria fibrosis. Indeed,
TGF-f, a profibrotic stimulus that is expressed by eosinophils
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and mast cells in biopsy specimens from patients with EoE,"**®

can induce a dramatic upregulation of POSTN expression in pri-
mary esophageal fibroblasts, supporting this potential mechanism
for the tissue fibrosis observed in patients with EoE.*”** More-
over, periostin can enhance eosinophil adhesion in vitro, and
Postn-deficient mice are protected from allergen-induced eosino-
philia in the lung and esophagus.*’ Interestingly, periostin upre-
gulation in bronchial epithelial cells enhances TGF-—induced
collagen synthesis.’® Because periostin also enhances cross-
linking of collagen fibrils through upregulating the cleavage of
mature active lysyl oxidase,”' whose gene expression is also in-
creased in the EoE transcriptome, these cumulative data suggest
a positive feedback loop in which periostin has a central role in
promoting the fibrotic responses in multiple inflammatory
conditions.

In summary, esophageal transcript profiling has defined an
EoE-specific transcript signature that is composed of dysregu-
lated gene networks involved in Ty2 inflammation and epithelial
cell responses. These studies demonstrate that IL-13 is a central
mediator and link between the immunologic and histologic
changes that are germane to EoE, largely through its effects on
the esophageal epithelium. Given the well-documented role of
IL-13 in other atopic diseases, such as asthma and AD, it is rea-
sonable to speculate that IL-13 production in response to inhaled
or absorbed antigens can also predispose subjects to other Ty2
comorbidities, such as EoE.

GENETIC VARIANTS AND DISEASE
SUSCEPTIBILITY

The number of studies investigating genetic variants associated
with EoE are few compared with those for other more common
and more widely recognized atopic diseases, such as AD and
asthma. Regardless, there have been significant strides in
uncovering EoE risk variants in a relatively short period of
time'*?’°*% due in part to the technological advances in
genotyping single nucleotide polymorphisms (SNPs) in large
case-control cohorts. In all, there have been 4 candidate gene
studies that tested for polymorphisms in genes with a published
(or suspected) functional role in EoE and one genome-wide
association study (GWAS) that was used to identify EoE
risk variants across the entire genome in an unbiased fashion
(Table T),1427:31:52:53

Candidate gene studies

Blanchard et al*’ identified the first EoE risk variant in a likely
candidate, CCL26. The CCL26 SNP (rs2302009) was shown to be
highly associated with disease risk (P =.001), with an odds ratio of
4.55 in a case-control cohort. Transmission disequilibrium testing,
which measures the transmission of a disease allele from unaf-
fected heterozygous parents to an affected offspring, confirmed
that the association of rs2302009 with EoE was not due to ances-
tral differences in the case-control analysis.”” Additional studies
have also linked this SNP to increased serum IgE levels and asthma
susceptibility.54 However, the observed association between
rs2302009 and EoE was independent of atopic status, indicating
a direct link with EoE susceptibility. Although rs23020009 is lo-
cated within the 3’ untranslated region of the CCL26 transcript
and could potentially affect mRNA stability, a functional effect
of this SNP in either asthma or EoE has yet to be described.

SHERRILL AND ROTHENBERG 27

TGF-3, an eosinophil- and mast cell-derived mediator of
fibrotic tissue responses, has been implicated in the same path-
ogenic process in patients with EoE.** Moreover, TGF-B1 has
recently been shown to stimulate esophageal smooth muscle con-
tractility and potentially contribute to esophageal dysmotility in
patients with EoE.'”> An SNP within the TGFBI promoter
(C-509T) that associated with asthma susceptibility>® was
shown to create a binding site for the transcription factor YY1
that subsequently enhanced promoter activity.>® In a small cohort
of 20 patients with EoE, homozygotes for the minor T allele of
C-509T exhibited increased TGF-B1* lamina propria cell num-
bers.'* Conversely, the major C allele of C-509T was a positive
prognostic indicator for therapeutic responses in patients with
EoE.'* Determining the association of this and other TGFBI
SNPs in a larger disease cohort will be vital to assess the full
genetic contribution of TGFBI in patients with EoE.

Polymorphisms in epithelium-specific genes have also been
associated with EoE susceptibility. First, a loss-of-function SNP
in FLG (2282del4) that was previously linked with AD suscepti-
bility®® also associates with EoE risk; similar to the CCL26 SNP,
this association is specific to EoE because atopy was found not to
be a confounding factor.®’ A second and larger candidate gene
study examined 736 SNPs in 52 genes known to be involved in
epithelial cell structure or inflammatory responses. Here, an
EoE cohort of 170 patients was genotyped by using a custom
SNP chip and compared with similarly genotyped control sub-
jects with various atopic histories.” Importantly, SNPs in the
gene for thymic stromal lymphopoietin (TSLP), a cytokine re-
cently described as a “master regulator” of Ty2 responses,57
were shown to associate with EoE independent of the patient’s
atopic status. TSLP is derived primarily from epithelial cells in re-
sponse to cytokines,58 noxious substances,59 and mechanical
stress® and exerts its effects on nearly every cell type involved
in T2 inflammation, including eosinophils®' and mast cells.®?
For instance, TSLP activates dendritic cells to adopt a T2 prim-
ing phenotype through the secretion of the chemokines thymus
and activation-regulated chemokine (TARC), macrophage-
derived chemokine, and eotaxin-2 and OX40 ligand expression,
which activates Ty2 cytokine production by naive CD4" T
cells.®*% Thus, it is remarkable that TSLP critically regulates
the exact processes involved in allergen sensitization that under-
score the EoE phenotype. This study also identified an association
between male patients with EoE and a nonsynonymous SNP in the
TSLP receptor (CRLF?2 ),> which, given the male predilection for
EoE, presents an intriguing scenario because CRLF2 is encoded
on pseudoautosomal region 1 of the X and Y chromosomes.®®

EoE GWAS

A broader, unbiased GWAS approach was undertaken to
identify SNPs associated with EoE susceptibility. Here, 2 rela-
tively large cohorts of patients with EoE and healthy control
subjects were genotyped for 550,000 SNPs across the genome.52
Although only 1 locus on chromosome 5q22 was genome-wide
significant after multiple testing correction, this region contains
the genes encoding for 7SLP and WD repeat domain 36
(WDR36). Esophageal expression of TSLP, but not WDR36, is
increased in patients with EoE, and the protective minor allele
for the most significantly EoE-associated SNP on 5q22
(rs3806932), which lies upstream of the TSLP locus, correlates
with decreased TSLP expression in the esophagus. Notably,
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TABLE I. Genetic risk variants in patients with EoE
Gene/gene SNP
Chromosome SNP* Allelest locus locationi Study design P value and OR Summary Reference
7ql1 rs2302009 T>G Eotaxin-3 3" UTR  Candidate gene P = .001, Significance in a Blanchard et al?’
(CCL26) study (117 OR = 4.55 case-control
cases and association was
225 control also replicated by
subjects) using
transmission
disequilibrium
testing in a trio
cohort.
19q13 —(C-509T) C>T TGF-B1 Promoter Candidate gene P = .02 for CC genotype Aceves et al'*
(TGFBI) study response status, correlated with
(20 cases) P = .01 for therapy response.
TGF-B17 cells The T allele was
associated with
increased
numbers of TGF-
B17" cells in
lamina propria.
1g21 1s61816761 CAGT>— Filaggrin Exon Candidate gene P = 018, Loss-of-function Blanchard
(2282del4) (FLG) study OR = 4.89 mutation in FLG et al*!
(365 cases and associated with
164 control EoE
subjects)
5q22 rs10062929 C>A TSLP Intron Large—scale Meta-P = 3.16 X  TSLP SNPs Sherrill et al>
candidate 1076, OR = associated with
gene study 0.36-0.45 EoE risk
(257 cases and independent of
342 control atopy
subjects)
Xp22/Ypll 1536133495 G>T TSLP receptor Exon Candidate P = .039, Ala>Val amino acid Sherrill et al>
(CRLF2) gene study OR = 2.05 change in TSLP
(199 cases and receptor
78 control associated with
subjects) male patients
with EoE
5q22 153806932 A>SG TSLP Near gene GWAS Meta-P = 3.19 X  Minor (protective) Rothenberg et al>>
rs7723819 G>A WDR36 Near gene (351 cases and 1079, OR = G allele
3104 control 0.54-0.73 correlated with
subjects) Meta-P = 7.67 X decreased
107°, OR = esophageal TSLP
0.55-0.71 expression

OR, Odds ratio; UTR, untranslated region.

o

*dbSNP Build 131 “rs” identifier given when appropriate.
FtMajor allele > minor allele.
ISNP location in relation to the gene/gene locus.

1s3806932 is in linkage disequilibrium with rs3806933,°>¢7 sug-
gesting that these 2 SNPs are inherited together more often than
would be expected by chance. Data recently implicated
rs3806933 in altering the binding of the transcription factor acti-
vator protein 1 to the TSLP promoter with a modest increase in
promoter activity.67 The other genome-wide significant SNP on
5922 is upstream of the WDR36 gene, which is located approxi-
mately 14 kb away from TSLP and lies within the same linkage
block as rs3806932.> WDR36 is critically involved in ribosomal
RNA processing68 and is coregulated with /L2 in activated T lym-
phocytes.®” Moreover, SNPs in the region of WDR36 have been
associated with peripheral blood eosinophilia,70 as well as glau-
coma susceptibility.71 Thus, although 7SLP appears to be the
likely disease candidate on the 5922 locus, the role of WDR36
warrants further investigation.

GWASs on other more common gastrointestinal inflammatory

diseases, such as Crohn disease,’? ulcerative colitis,”> and celiac
disease,74'7° have successfully identified numerous disease risk
variants aided in part by the well-developed patient cohorts being
historically investigated for these diseases. For example, meta-
analyses across large, independent case-control cohorts (often
in excess of 10,000 combined patients) along with further refine-
ment of the human genome polymorphism map have yielded
sufficient sample sizes to detect significant disease associations
with common variants that have relatively low effect sizes. The
low sample size of the current EOE GWAS (251 patients with
EoE in total) not only emphasizes the magnitude of the 5q22
SNP associations but also suggests that there are likely additional
EoE risk variants to be uncovered as further EoE cohorts are sub-
jected to genome-wide genotyping and similar meta-analyses are



J ALLERGY CLIN IMMUNOL
VOLUME 128, NUMBER 1

SHERRILL AND ROTHENBERG 29

FIG 1. The molecular pathogenesis of EoE. An allergic insult by either food antigens or aeroallergens
initiates the transition of the esophagus from a normal (NL) to an EoE phenotype through the production of
TSLP by the esophageal epithelium. TSLP-activated dendritic cells induce a robust T2 response and en-
hanced IL-13, which in turn mediates marked dysregulation of gene expression (the EoE transcriptome). En-
hanced eotaxin-3 (CCL26) secretion by the esophageal epithelium promotes eosinophil migration from the
blood into the tissue. Eosinophil- and mast cell-derived TGF-B along with IL-13 act on fibroblasts within the
lamina propria to secrete periostin (POSTN) and stimulate the fibrotic response. Loss of FLG expression,
partially because of IL-13 overproduction, genetic variants, or both, might further enhance or even predis-
pose patients with EoE to antigen exposure and exacerbate T2 inflammation.

performed (in essence, boosting the statistical power). A hint at
what SNPs or gene loci might hold potential significance in these
future studies can be gained by means of investigation into those
that did not reach the statistical threshold for significance from the
previous GWAS.>? For instance, SNPs in signal transducer and
activator of transcription 6 (STAT6), the major signaling molecule
downstream of IL-13 signaling, and in the aforementioned DSG1,
which is largely resistant to steroid-dependent regulation in
patients with EoE, are highly associated with EoE but under the
genome-wide significance threshold.>

CONCLUSIONS AND FUTURE DIRECTIONS

In just over 10 years since the recognition of EoE as a distinct
inflammatory disorder, the rapid progress toward characterizing
the disease on multiple fronts has underscored its complexity. We
now have insight into the natural history of EoE, its strong
association with specific ethnicities and sexes, the genetic and
environmental factors involved, and the molecular pathogenesis
of the disease (Fig 1). Moreover, the burst of data illustrating EoE
risk variants in CCL26, TGFB1, TSLP and CRLF2, and FLG

provide insight into the upstream mechanisms that regulate the
expression of genes that are operational (and likely synergistic)
in multiple aspects of EoE pathogenesis (Fig 2). For instance, per-
turbations in the TSLP signaling pathway as a result of variants
either increasing TSLP gene expression or altering receptor func-
tion can amplify innate inflammatory responses to food antigens.
Moreover, prolonged CCL26 expression might further enhance
eosinophil recruitment and TGF-31 secretion to exacerbate tissue
remodeling. Variants affecting FLG expression might disrupt nor-
mal esophageal barrier function and result in increased antigen
exposure and affect overall tissue integrity. Despite these ad-
vances, much work remains in terms of identifying true casual
variants and determining their mechanistic function in these path-
ways. A major initiative currently underway is to expand on the
current genome-wide associated polymorphisms by increasing
the number of genotyped patients with EoE; this will undoubtedly
greatly expand the number of genetic loci linked with EoE risk.
Moreover, deep sequencing efforts and extensive fine mapping
of the established EoE susceptibility loci, such as TSLP, could
identify rare variants, casual variants, or both that affect gene
transcription.
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FIG 2. Genetic risk variants in patients with EoE. EoE risk variants near TSLP and in the TSLP receptor gene
(CRLF2) highlight a potential role for the TSLP pathway in EoE. SNPs in other key genes, such as CCL26,
TGFB1, and FLG, can affect multiple aspects of EOE pathogenesis, including eosinophil chemotaxis, fibrosis
and smooth muscle dysfunction, and decreased esophageal barrier function, respectively.

An additional area to be explored in EoE heritability will be
the role of epigenetics, which can be defined as the study of her-
itable changes in gene expression that are not associated with
DNA sequence variations, which can include noncoding
RNAs, histone modifications (acetylation and methylation),
and DNA methylation.”” Importantly, because these genomic al-
terations can be influenced by external stimuli, such as diet and
drugs, epigenetics can provide insight into the complex interac-
tions between environmental exposures and disease-associated
genes. The profiling of global epigenetic changes in large dis-
ease cohorts has already yielded promising results for cancer,
cardiovascular disease, obesity,77 and asthma.”® Because EoE
is also influenced by environmental antigen exposure, the uncov-
ering of an EoE epigenome through microRNA arrays, DNA
methylation profiling, and chromatin immunoprecipitation se-
quencing technologies will provide a critical link to the global
gene transcriptional changes already known to occur in patients
with EoE. Recent data have already indicated that IL-13 can
elicit acetylation changes to histone H3 at the CCL26 promoter
in esophageal epithelial cells, implicating that epigenetic modi-
fications represent a novel mechanism of gene regulation in pa-
tients with EoE.”

The pivotal role of the esophageal epithelium in patients with
EoE and the transcriptional changes that occur within different
stratified layers of the epithelium provide potential opportunities
for noninvasive biomarkers for EoE. Laser-capture microscopy

allows for the isolation of specific cell types from minute sections
of tissues that can subsequently be subjected to microarray or
mass spectrometric analysis. Such techniques have already
been used to define the transcriptomes®® and proteomes®' of the
various esophageal layers in patients with Barrett esophagus.
Identification of an EoE-specific transcript profile specific to the
suprabasal epithelium might yield diagnostic targets from the
skin or oral mucosal samples.

In conclusion, it is remarkable how the genetic dissection of
EoE susceptibility has uncovered key pathways that are now
being considered for treatment strategies. For example, our
findings identify new targets for antibody neutralization strategies
(eg, anti—IL-13) and specific cell types for directed therapy, such
as mast cells and epithelial cells, which also supports the clinical
value of topical steroid therapy. Therefore, over the next 10 years,
further unraveling of the genetic and environmental factors that
compound EoE holds great promise for the future development of
novel and highly effective therapies.
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agement. We are also grateful to S. Hottinger for her editorial assistance with
this review.
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Key concepts

o EoE is an emerging inflammatory disease that is clinically

and causatively distinct from GERD.

Genetic predisposition and food antigen exposure contrib-
ute to EoE.

EoE exhibits a familial inheritance pattern and is more
common among white subjects and male subjects.
Microarray analysis of the patients’ esophageal biopsy
specimens has defined an EoE transcriptome that is also
highly inducible by IL-13 ex vivo.

CCL26 is the most highly induced gene in the EoE
transcriptome.

Candidate gene studies have identified genetic variants in
CCL26, TGFBI1, TSLP, and FLG associated with EoE risk.

A coding SNP in the TSLP receptor gene CRLF2, which is

encoded on the X and Y chromosomes, is significantly as-
sociated with disease risk in male patients with EoE.

A GWAS on 351 patients with EoE identified the 5921 lo-
cus encoding TSLP and WDR36 as an EoE susceptibility
locus.
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62 Genetic Risk Variants for Celiac Disease in the IL2/IL21 Locus
are Associated with Eosinophilic Esophagitis
J. Sherrill], L. Martin], C. Blanchard], K. Annaiahz, J. Spergelz, H. Ha-
konarsonz, M. Rothenbergl; !Cincinnati Children’s Hospital Medical
Center, Cincinnati, OH, 2Children’s Hospital of Philadelphia, Philadel-
phia, PA.
RATIONALE: Eosinophilic esophagitis (EE) is a recently recognized
food antigen-driven, Th2-associated inflammatory disease of the esopha-
gus with increasing prevalence worldwide. Celiac disease is an autoim-
mune disorder also characterized by food hypersensitivity with
concomitant gastrointestinal inflammation. Interestingly, EE and celiac
disease have been reported to co-occur in some patients; however, direct
evidence for a shared genetic basis in both diseases is lacking. Recent ge-
netic data have identified non-HLA susceptibility loci associated with ce-
liac disease, including polymorphisms in the IL2/IL21 locus. Given the
similar etiologies and familial inheritance patterns, we hypothesized that
risk variants for celiac disease also associate with increased susceptibility
for EE.
METHODS: We genotyped a cohort of 272 EE patients and 450 normal
controls for polymorphisms previously linked with celiac disease.
Immunofluorescent microscopy and morphometric analysis was used to
measure [L21 receptor expression in patient esophageal biopsies.
RESULTS: A number of genetic variants on chromosome 4q26-27 in the
IL2/IL21 region were found to have significant associations with EE.
In particular, rs2893008 (p = 0.015, odds ratio = 0.52) and rs4295278
(p = 0.028, odds ratio = 1.99), which are located approximately 10kb
and 6kb from the 5’ region of IL21, respectively, were the two most highly
associated variants in the locus. Immunofluorescent microscopy and
morphometric analysis demonstrate a marked increase in IL21 receptor-
expressing cells within the esophageal epithelium of EE patients compared
to non-EE patients.
CONCLUSIONS: These data suggest common pathways are involved in
celiac disease and EE and indentify a possible role for IL2 and/or IL21 sig-

naling in EE.
62 Biopsy And Number Of Positive Skin Prick Tests To Foods In
Patients With Eosinophilic Esophagitis
C. Nguyen, D. Stukus; Children’s Hospital of Pittsburgh of UPMC, Pitts-
burgh, PA.
RATIONALE: Eosinophilic esophagitis(EoE) is a heterogeneous disease
that is frequently associated with atopy and multiple food sensitivities.
Elimination diets have been shown to be useful in conjunction with or after
medical therapy has failed. Allergen skin prick testing(SPT) can be helpful
to guide dietary recommendations. There are currently no studies pub-
lished regarding whether the degree of focal eosinophilia in the esophagus
correlates with the number of positive food allergy tests in patients with
EoE.
METHODS: We performed a retrospective chart review of patients re-
ferred to the outpatient Allergy and Immunology clinic at Children’s
Hospital of Pittsburgh of UPMC with a diagnosis of EoE. Data was col-
lected from patients who had both esophageal biopsies and skin prick test-
ing to foods.
RESULTS: Data were collected for 75 patients. Based upon the number of
eosinophils/hpf, patients were divided into 3 separate groups:
A<25(n=42), B=26-50(n=25), C >51(n=8). Mean age in each group
was similar (A=9.95years, B=10.2years, C=11.75years). The percentage
of patients with at least 1 positive SPT in each group were similar but
trended downwards (A=45%, B=40%, C=25%). The mean number of
positive SPT per patient in each group also trended downwards (A=2.3,
B=1.4, C=0.38). A statistically significant difference was observed for
the percentage of positive SPT per total SPT performed in each group
(A=15%, B=8.4%, C=1.8%).
CONCLUSIONS: Our data suggests that a higher degree of focal eosino-
philia on esophageal biopsy in patients with EoE are less likely to have pos-
itive SPT to foods.
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62 Using Allergic Sensitivities to Define Three Phenotypes
among Patients with Eosinophilic Esophagitis
E.A.Erwin', H. R. Jamesz, J.Russo', T. A. E. Platts—Millsz; 'Nationwide
Children’s Hospital, Columbus, OH, 2Univcrsity of Virginia, Charlottes-
ville, VA.
RATIONALE: Eosinophilic esophagitis (EE) is an increasingly recog-
nized chronic disorder. The relevance of the allergic sensitivities to foods
and inhalants seen in this disease, to the pathogenesis and natural history,
remains unknown.
METHODS: In a cohort of 30 pediatric EE patients, we performed skin
prick testing and measured serum levels of specific IgE to a panel of com-
mon foods and inhalants and to the carbohydrate determinants bromelain,
galactose alpha-1,3-galactose, and N-glycolylneuraminic acid (Pharmacia
CAP).
RESULTS: The overall geometric mean(GM) total IgE was 82.8 IU/ml.
No specific IgE was detected in 30% of the patients (GM total IgE 24.3
IU/ml; median 40 eos/hpf on biopsy). Serum IgE to milk was detected in
nine cases; though, only two of these had positive skin tests. A third group
(30%) had multiple sensitivities to foods and pollens (GM total IgE 285 IU/
ml). Tests for IgE to carbohydrate antigens were negative in all sera except
two in the “multiple sensitivity” group. Esophageal eosinophils and pe-
ripheral blood eosinophils were not different among the three groups
(Kruskall-Wallis, p=0.3 for both parameters).
CONCLUSIONS: We identified three phenotypes in our EE cohort- non-
sensitized, milk sensitized, and those with multiple pollen allergies. The
frequent occurrence of multiple associated sensitivities to grains, legumes,
molds, and pollens suggests that cross reactive IgE antibodies to carbohy-
drates or proteins could be responsible; however, our testing for carbohy-
drate cross reactivity was negative. Because of the large number of patients
with specific IgE to milk and negative skin tests, serum IgE measurements
may be helpful in planning an avoidance diet.

630 Decreased Expression of Gut Homing Integrins on Peripheral
Blood Th2 Cells from Eosinophilic Gastrointestinal Disease
S. Chaudhry, C. Prussin; Laboratory of Allergic Diseases NIAID/NIH,
Bethesda, MD.

RATIONALE: Allergic eosinophilic gastroenteritis (AEG) is associated
with food antigen specific Th2 cells. The purpose of this study was to eval-
uate whether food antigen specific Th2 cells in AEG preferentially express
gut homing receptors that may contribute to eosinophilic tissue
inflammation.

METHODS: Peripheral blood mononuclear cells from 5 subjects with
AEG were studied. Gut homing integrin expression on peanut antigen spe-
cific T cells was measured using polychromatic flow cytometry with intra-
cellular cytokine staining. Integrin expression was analyzed as the ratio
between antigen specific cytokine producing Th2 cells and mainstream
non-antigen specific cells. A ratio of one implies equivalent homing recep-
tor expression.

RESULTS: alphadbeta7 was expressed at a ratio of 0.17 (range 0.03-0.42)
in IL-5 expressing peanut antigen specific cells relative to mainstream
cells. Parallel studies of beta7 expression confirmed these results (ratio
0.14, range 0.10-0.38). Similarly, in IL-13 producing cells, both alpha4-
beta7 and beta7 were expressed at ratios substantially below one: 0.11
(range 0.03-0.18) and 0.08 (range 0.00-0.13) respectively. Gut homing in-
tegrin expression was also decreased in staphylococcal enterotoxin B acti-
vated cells (ratio 0.54), however it was significantly lower in peanut
specific T cells (ratio 0.14, p = 0.001).

CONCLUSIONS: Contrary to our expectation, gut homing integrin ex-
pression by peanut antigen specific Th2 cells was consistently less than
that of mainstream T cells. This suggests that food allergen specific T cells
have been depleted from the circulation, possibly due to sequestering in in-
flammatory GI tissue.
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